Introduction {#s1}
============

Post-translational modifications of histones, especially lysine methylation, play important roles in diverse biological processes, such as gene transcription, chromatin packaging, and cellular differentiation. Different lysine residues of histones are methylated by different histone lysine-specific methyltransferases (HKMTs). Among HKMTs, G9 and GLP specifically catalyze H3K9 mono- (H3K9me1) and dimethylation (H3K9me2) ([@bib31], [@bib33]; [@bib16]).

G9a and GLP are paralogs with similar domain architecture. Both contain a transcription activation domain (TAD), a glutamate-rich domain, a cysteine-rich domain, 7 tandem ankyrin repeats (ANKs), and a methyltransferase domain ([@bib24]; [@bib9]; [@bib18]; [@bib23]; [@bib27]; [@bib3]). Interestingly, G9a and GLP form a heterodimer via the interaction between the C-terminal catalytic domains ([@bib33]). The major function of the G9a/GLP complex is to catalyze H3K9me1 and H3K9me2 in euchromatin, which is associated with transcriptional repression ([@bib33], [@bib29]). Accumulated evidence has shown that this methyltransferase complex regulates multiple biological processes, such as meiosis, embryonic development, immune response, and tumorigenesis ([@bib32], [@bib30]; [@bib25]; [@bib5]; [@bib14]; [@bib27]). Interestingly, if one of these two methyltransferases is deleted, the other one alone has little enzymatic activity in vivo, suggesting that the heterodimer formation is important for the function of this enzyme complex ([@bib33], [@bib29]). Downstream functional partners of the G9a/GLP complex have been examined. Since HP1 recognizes H3K9me2 ([@bib1]; [@bib17]; [@bib20]), it is likely that the G9a/GLP complex mediates the recruitment of HP1 to specific gene loci for transcriptional repression ([@bib22]; [@bib21]; [@bib27]). Moreover, the ANKs of G9a and GLP also recognize H3K9me1 and H3K9me2 ([@bib8]), which may facilitate the chromatin spreading of the G9a/GLP complex.

Recent study suggests that the G9a/GLP complex is associated with Polycomb Repressive Complex 2 (PRC2) ([@bib19]). EZH2, the catalytic subunit in the PRC2, regulates histone H3K27 methylation. Thus, it is likely that these methyltransferases function together to modulate histone codes during transcription. In addition to histone methylation, the G9a/GLP complex also regulates DNA methylation during early embryogenesis, which is independent of their methyltransferase activity. It has been reported that the G9a/GLP complex associates with DNMT1 through PCNA ([@bib11]). Moreover, the ANKs of G9a interact with DNMT3A and 3B for the de novo DNA methylation ([@bib10]; [@bib4]).

Although the G9a/GLP complex plays an important role in epigenetic modification and gene transcription, the molecular mechanism by which the G9a/GLP complex is regulated in vivo remains elusive. Although several partners of G9a have been identified, it is unclear whether these partners form a stable complex with G9a and GLP, and directly control the G9a/GLP-dependent H3K9me1 and H3K9me2. In this study, we searched other possible subunit(s) in the G9a/GLP complex. With unbiased protein affinity purification, we found that ZNF644 and WIZ, two zinc finger proteins, interact with G9a and GLP, respectively. These two zinc finger proteins target G9a and GLP to genomic loci for the regulation of gene transcription.

Results {#s2}
=======

ZNF644 and WIZ are binding partners of G9a {#s2-1}
------------------------------------------

To explore the regulation mechanism of the G9a/GLP complex, we have searched the functional partner(s) of G9a using tandem protein affinity purification. Cell lysates of 293T cells stably expressing SFB-tagged G9a were subjected to two rounds of affinity purification. Since G9a and GLP form a heterodimer in vivo ([@bib33]), we could easily detect GLP as a partner of G9a in this purification, which was served as a positive control. Interestingly, besides GLP, G9a also interacted with two other proteins. Mass spectrometry analysis revealed that these two proteins were ZNF644 and WIZ, two zinc finger proteins. Between these two proteins, WIZ has been known to regulate the stability of the G9a/GLP heterodimer ([@bib34]), while the function of ZNF644 has not been characterized yet ([Figure 1A](#fig1){ref-type="fig"}). To validate our initial purification results, we performed reciprocal affinity purification using ZNF644 as the bait. Again, we identified G9a, GLP, and WIZ as binding partners of ZNF644, suggesting that ZNF644 and WIZ co-exist in the same complex with G9a and GLP ([Figure 1B](#fig1){ref-type="fig"}).10.7554/eLife.05606.003Figure 1.ZNF644 and WIZ associate with G9a.(**A**) Silver staining of affinity-purified G9a complex. Cell lysates of 293T cells stably expressing SFB-G9a were subjected to affinity purification. Eluted proteins were visualized by silver staining. Arrows indicate proteins corresponding to G9a, GLP, ZNF644 and WIZ. Peptide coverage is shown in the table. (**B**) Silver staining of affinity-purified ZNF644 partners. (**C**) ZNF644 and WIZ co-exist in the same complex with G9a and GLP. U2OS cell lysates were analyzed by co-immunoprecipitation (co-IP) and Western blotting with the antibodies indicated. The whole cell lysates of U2OS was used as the input. An irrelevant IgG was used as the IP control. (**D**) Down-regulation of G9a or GLP impairs the interaction between WIZ and ZNF644. G9a and GLP were down-regulated by siRNAs in U2OS cells. The cell lysates were analyzed by IP and Western blotting with the antibodies indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.003](10.7554/eLife.05606.003)10.7554/eLife.05606.004Figure 1---figure supplement 1.ZNF644 and WIZ antibodies have been generated and specifically recognize the endogenous ZNF644 and WIZ respectively.(**A**) Anti-ZNF644 antibody recognizes endogenous ZNF644 from U2OS cell lysates. In cell lysates, the antibody specifically recognized a band around 150 kD. When cells were treated with siZNF644, this band was disappeared. Anti-actin was used as protein loading control. (**B**) Anti-WIZ antibody recognizes endogenous WIZ from U2OS cell lysates. In cell lysates, the antibody specifically recognized a band around 175 kD.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.004](10.7554/eLife.05606.004)

To further confirm the interaction between these proteins in vivo, we first raised antibodies against endogenous ZNF644 or WIZ. Anti-ZNF644 and WIZ antibodies specifically recognized bands around 150 kDa and 175 kDa, respectively. Moreover, siZNF644 and siWIZ treatment diminished the expression of these two proteins, indicating that both antibodies specifically recognize the endogenous proteins ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We next performed co-immunoprecipitation (co-IP) assays using U2OS cell lysates and found that one protein associated with the other proteins in this complex ([Figure 1C](#fig1){ref-type="fig"}), suggesting that these proteins are core subunits in the G9a/GLP complex. To further characterize the interactions between these subunits, we knocked down G9a or GLP by siRNAs. Interestingly, down-regulation of G9a or GLP impaired the interaction between WIZ and ZNF644 ([Figure 1D](#fig1){ref-type="fig"}), suggesting that the association between WIZ and ZNF644 is mediated by G9a and GLP. Collectively, by unbiased protein affinity purification and co-IP assays, we found that ZNF644 and WIZ are two important subunits in the G9a/GLP complex.

Transcription activation domains of G9a and GLP interact with ZNF644 and WIZ, respectively {#s2-2}
------------------------------------------------------------------------------------------

Next, we examined the interaction domain in each subunit in this complex. Based on the domain architecture ([@bib18]; [@bib27]), we generated four internal deletion mutants of G9a to delete the TAD, the Glu-rich and Cys-rich domains, the ANKs and the catalytic domain, respectively ([Figure 2A](#fig2){ref-type="fig"}). Interestingly, the D1 mutant of G9a abolished the interaction with ZNF644 ([Figure 2B](#fig2){ref-type="fig"}). Since the D1 mutant of G9a lacks the TAD, it suggests that ZNF644 interacts with the TAD of G9a. Moreover, lacking the catalytic domain of G9a disrupted the interaction with WIZ ([Figure 2C](#fig2){ref-type="fig"}). However, the catalytic domain of G9a also interacts with the catalytic domain of GLP for a heterodimer. Thus, it is possible that the association between G9a and WIZ is mediated by GLP. To confirm this hypothesis, we knocked down G9a by siRNA ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). Lacking G9a, WIZ still interacted with GLP ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}), suggesting that WIZ is likely to directly interact with GLP. To further elucidate the interactions between these subunits, we generated two internal deletion mutants of GLP to delete either the TAD or the catalytic domain ([Figure 2D](#fig2){ref-type="fig"}). Only the TAD of GLP, but not the catalytic domain of GLP, is required for the interaction with WIZ ([Figure 2E](#fig2){ref-type="fig"}), suggesting that WIZ recognizes the TAD of GLP. In contrast, the catalytic domain of GLP is required for the interaction with ZNF644 ([Figure 2F](#fig2){ref-type="fig"}). Since the catalytic domains of G9a and GLP form a heterodimer, it is likely that ZNF644 directly recognizes the TAD of G9a and associates with GLP via the interactions between G9a and GLP. Taken together, ZNF644 and WIZ interact with the TADs of G9a and GLP, respectively.10.7554/eLife.05606.005Figure 2.Mapping the interaction regions of ZNF644, WIZ, G9a and GLP.(**A**) A series of deletion mutants of SFB-tagged G9a were generated to map the interaction region of G9a. CD: catalytic domain. (**B**) The D1 mutant of G9a abolishes the interaction with ZNF644. SFB-tagged wild-type G9a and deletion mutants were expressed in 293T cells together with Myc-ZNF644. The cell lysates were subjected to streptavidin beads pull-down and Western blotting with the indicated antibodies. The whole cell lysates were used as the input. Cells only expressing Myc-ZNF644 were used for pull-down control. (**C**) Lacking the catalytic domain of G9a (CD) disrupts the interaction with WIZ. (**D**) The TAD and catalytic domain deletion mutants of GLP are generated. (**E**) The TAD domain of GLP is important for the interaction with WIZ. (**F**) Lacking the catalytic domain of GLP abolishes the interaction with ZNF644. (**G**) The N-terminus deletion mutant of ZNF644 abolishes the interaction with G9a. Myc-tagged ZNF644 and deletion mutants were co-expressed together with SFB-G9a in 293T cells. IP and Western blotting were performed with indicated antibodies. (**H**) The C-terminus deletion mutant of WIZ abolishes the interaction of WIZ and GLP. SFB-tagged WIZ and deletion mutants were co-expressed with Myc-GLP in 293T cells. (**I**) A model shows that the N-terminus of ZNF644 interacts with the TAD of G9a, while the C-terminus of WIZ interacts with the TAD of GLP.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.005](10.7554/eLife.05606.005)10.7554/eLife.05606.006Figure 2---figure supplement 1.Down-regulation of G9a doesn't affect the interaction between WIZ and GLP.(**A**) The siRNA targeting G9a is used to down-regulate G9a in U2OS cells. (**B**) The cell lysates were analyzed by co-IP and Western blotting with indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.006](10.7554/eLife.05606.006)

We also mapped the interaction regions on WIZ and ZNF644 by generating series of internal deletion mutants of ZNF644 and WIZ, respectively ([Figure 2G,H](#fig2){ref-type="fig"}). The D1 mutant of ZNF644 abolished the interaction with G9a ([Figure 2G](#fig2){ref-type="fig"}), suggesting that the N-terminus of ZNF644 interacts with the TAD of G9a. In contrast, the C-terminus of WIZ is required for the interaction with GLP ([Figure 2H](#fig2){ref-type="fig"}). Taken together, with the analyses on the internal deletion mutants, we found that the N-terminus of ZNF644 interacts with the TAD of G9a, while the C-terminus of WIZ interacts with the TAD of GLP ([Figure 2I](#fig2){ref-type="fig"}). Since both ZNF644 and WIZ have multi zinc-finger motifs, it is likely that both ZNF644 and WIZ regulate the function of G9 and GLP.

Deposition of G9a on the chromatin depends on ZNF644 and WIZ {#s2-3}
------------------------------------------------------------

Since zinc finger motif is a DNA-binding module ([@bib15]), we ask if ZNF644 and WIZ associate with chromatin. We lysed cells with NETN100 solution (0.5% NP-40, 2 mM EDTA, 10 mM Tris--HCl pH 8.0, and 100 mM NaCl). However, both ZNF644 and WIZ could not be eluted into soluble fraction under low salt conditions ([Figure 3A](#fig3){ref-type="fig"}). Interestingly, after treating the insoluble pellets with Benzonase to digest the genomic DNA, both ZNF644 and WIZ were eluted into the soluble fraction, suggesting that ZNF644 and WIZ are chromatin-bound proteins. Usually, chromatin-bound proteins could be eluted from genomic DNA by 300 mM NaCl treatment ([@bib37]; [@bib6]). With increased sodium concentration in the lysis buffer, ∼ 50% of ZNF644 was eluted out. However, only a small fraction of WIZ could be eluted from the chromatin, and the remaining WIZ was still tightly associated with genomic DNA ([Figure 3A](#fig3){ref-type="fig"}). Thus, these results indicate that both ZNF644 and WIZ tightly bind to chromatin. It is also consistent with our affinity purification results that WIZ is slightly difficult to be identified in the mass spectrometry analyses.10.7554/eLife.05606.007Figure 3.ZNF644 and WIZ are important for the chromatin localization of G9a.(**A**) Both ZNF644 and WIZ tightly bind to chromatin. U2OS cells were lysed by NETN100 (lysis buffer with 100 mM NaCl) and NETN300 (lysis buffer with 300 mM NaCl) respectively. After harvesting the soluble fractions, the pellets were digested by Benzonase to extract the chromatin fraction. Each fraction was examined by Western blotting. Tubulin and histone H3 were used as loading control for the soluble fraction and chromatin fraction respectively. (**B**) Knockdown of ZNF644 or/WIZ impairs the chromatin association of G9a and GLP. U2OS cells were lysed with NETN100 buffer. The soluble fraction and chromatin fraction were separated and each fraction was examined with Western blotting. Tubulin and histone H3 were used as loading control in the soluble fraction and chromatin fraction respectively. (**C**) In the cells with siRNA-resistant ZNF644 or WIZ, G9a is retained in the chromatin fraction. But the D1 mutant of ZNF644 or the D8 mutant of WIZ is unable to target G9a to chromatin. (**D**) A model shows that ZNF644 and WIZ facilitate the chromatin localization of the G9a/GLP complex.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.007](10.7554/eLife.05606.007)

Since ZNF644 and WIZ are subunits in the G9a/GLP complex, we ask if ZNF644 and WIZ target the G9a/GLP complex to chromatin. We used siRNAs to knock down ZNF644 and/or WIZ. Lacking either ZNF644 or WIZ impaired the chromatin association of G9a and GLP ([Figure 3B](#fig3){ref-type="fig"}). Moreover, when we knocked down ZNF644 and WIZ simultaneously, chromatin-bound G9a and GLP were remarkably reduced, but the levels of soluble G9a and GLP were not affected ([Figure 3B](#fig3){ref-type="fig"}). Reconstituted cells with siRNA-resistant ZNF644 or WIZ retained G9a in the chromatin fraction. However, either the D1 mutant of ZNF644 or the D8 mutant of WIZ was able to target G9a to chromatin ([Figure 3C](#fig3){ref-type="fig"}). Collectively, these results suggest that ZNF644 and WIZ facilitate the chromatin localization of the G9a/GLP complex ([Figure 3D](#fig3){ref-type="fig"}).

WIZ and ZNF644 associate with G9a at specific genomic loci {#s2-4}
----------------------------------------------------------

To determine if ZNF644 and WIZ target G9a to specific genomic loci, we performed high-throughput ChIP sequencing (ChIP-seq) to examine the genome-wide localization of G9a, ZNF644, and WIZ in 293T cells. We identified 14,153 G9a enriched regions, 12,777 ZNF644 enriched regions, and 11,853 WIZ enriched regions, respectively. The ChIP-seq results were validated using ChIP-qPCR to examine 30 randomly picked loci that represent a broad range of ChIP-seq fragment counts ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). To analyze genome-wide distribution of those enriched regions, the whole genome was partitioned into three regions: intragenic region, promoter region (5 kb upstream or downstream of the TSS), and distal intergenic region not encoding any genes ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). Approximately, 40% of G9a peaks, 45% of ZNF644 peaks, and 43% of WIZ peaks were distributed in gene promoter region ([Figure 4A](#fig4){ref-type="fig"}). We found around 54% of WIZ-enriched regions were bound by G9a, and around 58% of ZNF644 enriched regions were bound by G9a, while around 63% of G9a enriched regions were bound by ZNF644 and/or WIZ ([Figure 4B](#fig4){ref-type="fig"}). These results indicate that most G9a-enriched regions are associated with ZNF644 and/or WIZ, which is in agreement with our results that the chromatin loading of G9a is dependent on the ZNF644 and/or WIZ. It has been shown that G9a regulates gene transcription via catalyzing H3K9me2 at promoter regions ([@bib28]; [@bib2]; [@bib16]; [@bib7]; [@bib12]). Thus, we analyzed G9a peaks in promoter regions and found that around 82% of G9a-enriched peaks in promoter region were bound by ZNF644 and/or WIZ ([Figure 4C](#fig4){ref-type="fig"}). Further analyses across G9a peaks in promoter regions show that ZNF644 and WIZ profiles are also associated with the G9a profiles in promoter region ([Figure 4D](#fig4){ref-type="fig"}). Thus, accumulated evidence suggests that G9a is clearly associated with ZNF644 and WIZ, especially in promoter regions. To further analyze the co-localization of ZNF644 and WIZ with G9a at specific gene loci, we studied several genes with promoter enrichment of G9a. At *CWH43*, *DIP2C* and *ROCK1* loci, G9a, ZNF644 and WIZ co-localized together at the promoter regions ([Figure 4E](#fig4){ref-type="fig"}). At *CACNA2D1*, *ANKRD26P1*, *USP14,* and *HCN1* loci, only ZNF644, but little WIZ, significantly co-localized with G9a in the promoter regions ([Figure 4F](#fig4){ref-type="fig"}, [Figure 4---figure supplement 3A](#fig4s3){ref-type="fig"}). In contrast, at *PARD3*, *ABCA13*, *SENP5*, and *NRXN3* loci, WIZ, but little ZNF644, co-localized with G9a ([Figure 4G](#fig4){ref-type="fig"}, [Figure 4---figure supplement 3B](#fig4s3){ref-type="fig"}). Taken together, ZNF644 and/or WIZ associate with G9 at the promoter regions of specific loci.10.7554/eLife.05606.008Figure 4.WIZ and ZNF644 associate with G9a at specific genomic loci.(**A**) Summary of genome-wide distribution of G9a, ZNF644 and WIZ in different regions. Y-axes: percentage of each region in the genome. (**B**) Venn diagram shows a significant overlap between G9a, ZNF644 and WIZ enriched peaks. (**C**) The G9a-enriched peaks were bound with ZNF644 and/or WIZ, especially in promoter region. (**D**) G9a, ZNF644 and WIZ ChIP-seq read counts in 100-bp window were plotted against the distance (−2 kb, +2 kb) from the center of G9a enriched regions in promoter region. Y-axes: mean tag density. (**E**) ChIP-seq results show the co-occupancy of ZNF644, WIZ and G9a at *CWH43*, *DIP2C* and *ROCK1* loci. (**F**) ZNF644 and G9a are co-localized at the promoter regions of *CACNA2D1*, *ANKRD26P1*, *USP14* and *HCN1*. (**G**) WIZ and G9a are co-localized at the promoter regions of *PARD3*, *ABCA13*, *SENP5* and *NRXN3*. (**H**) The consensus DNA-binding motif of ZNF644 is analyzed according to ChIP-seq result. The binding sequences in *CACNA2D1*, *ANKRD26P1*, *USP14* and *HCN1* loci are shown in red. (**I**) The specific DNA binding sequence of WIZ is obtained according to the ChIP-seq results, and is confirmed at *PARD3*, *ABCA13*, *SENP5* and *NRXN3* loci. (**J**) Both ZNF644 and WIZ-binding sequences are identified at *CWH43*, *DIP2C* and *ROCK1* loci, which are co-occupied by ZNF644 and WIZ.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.008](10.7554/eLife.05606.008)10.7554/eLife.05606.009Figure 4---figure supplement 1.Validation of ChIP-seq results by qPCR.ChIP-seq fragment densities of G9a (x-axis) are plotted against ChIP-qPCR fold-enrichment of G9a (percentage of input) (y-axis) at 30 selected loci in 293T cells that represent a broad range of ChIP-seq fragment counts. The 30 selected loci contain 10 loci that are G9a positive (ChIP-seq signal \>5), 10 loci that are G9a, ZNF644 and WIZ positive, and the other 10 loci are G9a negative. The same methods were used to analyze the ChIP-seq result of ZNF644 and WIZ. 20 loci identified as significantly enriched by ChIP-seq were clearly different from 10 unenriched loci in the plots.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.009](10.7554/eLife.05606.009)10.7554/eLife.05606.010Figure 4---figure supplement 2.Genome-wide analysis of ChIP-seq peaks.Average genome-wide occupancies of G9a, ZNF644 and WIZ along the transcription unit. TSS and TES, the transcription start and end sites, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.010](10.7554/eLife.05606.010)10.7554/eLife.05606.011Figure 4---figure supplement 3.The gene loci occupied by ZNF644 or WIZ are confirmed by ChIP-qPCR.(**A**) ChIP-qPCR confirms the occupancy of ZNF644, but not WIZ, at *CACNA2D1*, *ANKRD26P1*, *USP14* and *HCN1*loci. \*p \< 0.05; n.s., not significant. (**B**) The occupancy of WIZ, but not ZNF644, is shown at *PARD3*, *ABCA13*, *SENP5* and *NRXN3* loci. \*p \< 0.05; n.s., not significant.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.011](10.7554/eLife.05606.011)10.7554/eLife.05606.012Figure 4---figure supplement 4.DNA binding motifs of ZNF644 or WIZ concluded from ChIP-seq results were validated by Electrophoretic Mobility Shift Assay (EMSA).(**A**) GST-tagged full length ZNF644 (GST-ZNF644), N-terminus of ZNF644 (a.a. 1-300) (ZNF644N300), full length human WIZ (GST-WIZ) or N-terminus of WIZ (a.a. 1-200) (WIZN200) were purified from Sf9 insect cells and used for EMSA. The proteins were purified by GST beads and examined by coomassie blue staining. (**B**) Recombinant GST-ZNF644 or N terminus of ZNF644 without Zinc finger motif (GST-ZNFN300) was incubated with ^32^P-labeled 48-mer sequence motif-contained DNA oligonucleotides. Only GST-ZNF644, but not ZNF644N300, could bind to the DNA containing sequence motif. The ^32^P-labeled 48-mer DNA oligonucleotides containing "mutant" DNA target was used as the negative control. (**C**) Recombinant GST-WIZ or N terminus of WIZ without Zinc finger motif (GST-WIZN200) was incubated with ^32^P-labelled 48-mer sequence motif-contained DNA oligonucleotides. Only GST-WIZ, but not GST-WIZN200, could bind to the DNA containing consensus motif. The ^32^P-labeled 48-mer DNA oligonucleotides containing "mutant" DNA target was used as the negative control.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.012](10.7554/eLife.05606.012)

Since ZNF644 and WIZ have 8 and 12 zinc finger motifs, respectively, we further analyzed the DNA-binding sequences of ZNF644 and WIZ based on the information from ChIP-seq. Using Peak-motifs software (<http://floresta.eead.csic.es/rsat/peak-motifs_form.cgi>), we examined only ZNF644-enriched regions (lacking WIZ), by which we excluded the possible loading of ZNF644 onto chromatin via WIZ. A specific DNA-binding sequence was concluded by the software ([Figure 4H](#fig4){ref-type="fig"}), and this sequence was confirmed at *CACNA2D1*, *ANKRD26P1*, *USP14,* and *HCN1* loci only occupied by ZNF644. Similarly, a specific DNA binding sequence of WIZ was also obtained from software analyses ([Figure 4I](#fig4){ref-type="fig"}) and was confirmed at *PARD3*, *ABCA13*, *SENP5*, and *NRXN3* loci. Moreover, both ZNF644 and WIZ-binding sequences were identified at the loci co-occupied by ZNF644 and WIZ, such as *CWH43*, *DIP2C*, and *ROCK1* loci ([Figure 4J](#fig4){ref-type="fig"}). We performed electrophoretic mobility shift assays (EMSA) and found that the consensus DNA-binding motifs of ZNF644 and WIZ showed strong binding with full-length recombinant proteins ([Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}).

ZNF644 and WIZ target G9a for gene repression {#s2-5}
---------------------------------------------

Since the G9a/GLP complex catalyzes methylation of H3K9 in euchromatin and represses gene transcription ([@bib33], [@bib29]), we next explored the function of ZNF644 and WIZ in G9a-dependent gene transcriptional repression with ChIP assays. In agreement with the ChIP-seq results, ZNF644, WIZ, and G9a localized at *CWH43*, *DIP2C,* and *ROCK1* loci ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Moreover, down-regulation of ZNF644 and WIZ impaired the localization of G9a at these loci ([Figure 5A](#fig5){ref-type="fig"}), suggesting that ZNF644 and WIZ are important for targeting G9a to this specific loci. However, down-regulation of G9a did not affect the chromatin localization of ZNF644 and WIZ at these loci ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). Since G9a catalyzes H3K9me2 that is recognized by HP1α, we found that both H3K9me2 and HP1α were enriched at these loci. Lacking G9a abolished the enrichment of H3K9me2 and HP1α ([Figure 5B](#fig5){ref-type="fig"}). Similarly, loss of ZNF644 and WIZ also impaired the enrichment of H3K9me2 and HP1α ([Figure 5B](#fig5){ref-type="fig"}), suggesting that ZNF644 and WIZ are important for the G9a-dependent H3K9 methylation at G9a targeting genes. Since G9a mainly occupied the promoter regions at these gene loci, G9a-dependent H3K9 methylation is likely to repress gene transcription. Down-regulation of G9a by siRNA indeed increased gene transcription at these loci ([Figure 5C](#fig5){ref-type="fig"}). Again, loss of ZNF644 and WIZ also facilitated gene transcription ([Figure 5C](#fig5){ref-type="fig"}). Taken together, these results suggest that ZNF644 and WIZ regulate the function of G9a during transcription. Moreover, we examined only ZNF644 or WIZ occupied gene loci, and similar results were obtained ([Figure 5---figure supplement 3](#fig5s3){ref-type="fig"}).10.7554/eLife.05606.013Figure 5.ZNF644 and WIZ target G9a for gene repression.(**A**) Down-regulation of ZNF644 and WIZ by siRNAs (siZ + W) impairs the localization of G9a at *CWH43*, *DIP2C* and *ROCK1* loci. \*p \< 0.05 compared to IgG. (**B**) Knockdown G9a abolishes the enrichment of H3K9me2 and HP1α at *CWH43*, *DIP2C* and *ROCK1* loci. Loss of ZNF644 and WIZ also impairs the enrichment of H3K9me2 and HP1α at these loci. \*p \< 0.05 compared to IgG. (**C**) Down-regulation of G9a by siRNA increases gene transcription at *CWH43*, *DIP2C* and *ROCK1* loci, and loss of ZNF644 and WIZ also facilitates gene transcription at these loci. \*p \< 0.05 compared to Mock.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.013](10.7554/eLife.05606.013)10.7554/eLife.05606.014Figure 5---figure supplement 1.Co-occupancy of ZNF644, WIZ and G9a is shown at *CWH43*, *DIP2C* and *ROCK1* loci.ChIP-qPCR was performed to confirm the ChIP-seq results. \*p \< 0.05.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.014](10.7554/eLife.05606.014)10.7554/eLife.05606.015Figure 5---figure supplement 2.Down-regulation of G9a does not affect the chromatin localization of ZNF644 (**A**) and WIZ (**B**) at *CWH43*, *DIP2C* and *ROCK1* loci.ChIP-qPCR was performed in the siG9a-treated U2OS cells. \*p \< 0.05.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.015](10.7554/eLife.05606.015)10.7554/eLife.05606.016Figure 5---figure supplement 3.ZNF644 and WIZ target G9a for gene repression at only ZNF644 or WIZ occupied gene loci.(**A**) Knockdown ZNF644 by siZNF644 impairs the recruitment of G9a at *CACNA2D1*, *ANKRD26P1*, *USP14* and *HCN1* loci. Knockdown WIZ abolishes the localization of G9a at *PARD3*, *ABCA13*, *SENP5* and *NRXN3* loci. \*p \< 0.05 compared to IgG. (**B**) Knockdown ZNF644 facilitates the gene transcription at *CACNA2D1*, *ANKRD26P1*, *USP14* and *HCN1* loci, while knockdown WIZ induces the gene transcription at *PARD3*, *ABCA13*, *SENP5* and *NRXN3* loci. \*p \< 0.05 compared to Mock.**DOI:** [http://dx.doi.org/10.7554/eLife.05606.016](10.7554/eLife.05606.016)

To study if the interaction domains in ZNF644 and WIZ are important for the G9a-dependent function, we reconstituted siRNA-treated cells with siRNA-resistant ZNF644 and WIZ. ZNF644 and WIZ rescued the recruitment of G9a to the gene loci, facilitated the enrichment of H3K9me2 and HP1α, and repressed gene transcription ([Figure 6](#fig6){ref-type="fig"}). However, expression of the D1 mutant of ZNF644 and the D8 mutant of WIZ that abolish the interactions with G9 and GLP, failed to restore the enrichment of H3K9me2 and HP1α as well as transcription repression ([Figure 6](#fig6){ref-type="fig"}). Thus, our results demonstrate that ZNF644 and WIZ are two key subunits in the G9/GLP complex to target G9a and GLP to genomic loci for transcriptional repression.10.7554/eLife.05606.017Figure 6.The interaction domains in ZNF644 and WIZ are important for the G9a-dependent function.(**A**) Wild-type ZNF644 and WIZ, but not the D1 mutant of ZNF644 and the D8 mutant of WIZ, rescue the recruitment of G9a to *CWH43*, *DIP2C* and *ROCK1* loci. \*p \< 0.05, \*\*p \< 0.01 compared to IgG. (B-D) Wild-type ZNF644 and WIZ, but not the D1 mutant of ZNF644 and the D8 mutant of WIZ, restore the enrichment of H3K9me2 and HP1α as well as gene transcription at *CWH43*, *DIP2C* and *ROCK1* loci. \*p \< 0.05, \*\*p \< 0.01 compared to IgG (**B**, **C**) or the control U2OS cells without siRNAs treatment (**D**).**DOI:** [http://dx.doi.org/10.7554/eLife.05606.017](10.7554/eLife.05606.017)

Discussion {#s3}
==========

In this study, with unbiased protein affinity purification, we identified ZNF644 and WIZ as two core subunits in the G9a/GLP complex. With the analyses on the internal deletion mutants, we found that the N-terminus of ZNF644 interacts with the TAD of G9a, while the C-terminus of WIZ interacts with the TAD of GLP. In the previous study ([@bib34]), WIZ was found to interact with the catalytic domain of G9a. We obtained the similar result ([Figure 2C](#fig2){ref-type="fig"}). However, the catalytic domain of G9a also interacts with the catalytic domain of GLP to form a heterodimer. Lacking G9a did not impair the interaction between WIZ and GLP ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}), suggesting that the interaction between WIZ and G9a might be indirect and mediated by the catalytic domain heterodimer of G9a and GLP.

The G9a/GLP complex is known to associate with specific gene promoter and catalyze local H3K9 methylation for transcription repression ([@bib33], [@bib29]). However, both G9a and GLP lack the DNA recognition domains for targeting specific genes. Here, we show the evidence that ZNF644 and WIZ, two multi zinc finger motif-containing proteins, mediate the recruitment of G9a and GLP to the specific gene loci. ZNF644 has 8 zinc finger motifs, while WIZ contains 12 zinc finger motifs. It is likely that these zinc finger motifs function together to recognize specific DNA sequences. Based on our ChIP-seq analyses, we identified the DNA sequences recognized by ZNF644 and WIZ. Thus, ZNF644 and WIZ act as two hands to grab the genomic DNA and target enzymatic subunits G9 and GLP for H3K9 methylation. It is also interesting to notice that ZNF644 and WIZ bind the TADs of G9a and GLP, respectively. Thus, the complex may form a symmetric structure with ZNF644 and G9a on one side, and WIZ and GLP on the other side. These two parts are linked by the interaction between the catalytic domains of G9a and GLP in the middle ([Figures 2I and 3D](#fig2 fig3){ref-type="fig"}). The double DNA recognition may reduce the flexibility of the complex on the chromatin and allow the G9a and GLP to precisely catalyze histone methylation at gene loci.

In the ChIP-seq analysis, we also notice that a fraction of G9a and GLP only associate with either ZNF644 or WIZ ([Figure 4A,B](#fig4){ref-type="fig"}). Thus, it is possible that ZNF644 or WIZ alone is sufficient for targeting G9a and GLP to certain loci for H3K9 methylation and transcription repression. Since ZNF644 and WIZ bind different DNA sequences, in these cases, different DNA-binding subunits target G9a and GLP to different loci. With only one DNA-binding arm, the G9a/GLP complex may have more flexibility to methylate targets. Alternatively, we cannot rule out the possibility that a small amount of G9a or GLP only form homodimers. Since ZNF644 only recognizes the TAD of G9a, and WIZ interacts with the TAD of GLP, only ZNF644 or WIZ is sufficient to target the homodimer to the chromatin. Moreover, a small set of G9a associates with neither ZNF644 nor WIZ. Thus, it is possible that a small set of G9a may interact with other regulators. It has been shown that G9 associates with other zinc finger proteins, such as Blimp-1, which may also target G9a to the substrates ([@bib13]). However, Blimp-1 is mainly expressed in plasma cells as the major function of Blimp-1 is to regulate plasma cell differentiation ([@bib26]). Thus, Blimp-1 mainly regulates G9a\'s activity in plasma cells.

It has been shown that G9a regulates gene transcription via catalyzing H3K9me2 at promoter regions ([@bib28]; [@bib2]; [@bib16]; [@bib7]; [@bib12]). Consistently, we found that G9a associated with ZNF644 and WIZ, especially in the promoter regions, to regulate transcription. Interestingly, [@bib35] examined H3K9me2-enriched loci in the differentiated tissues and found that large chromatin regions associate with H3K9me2. These regions were named as large organized chromatin K9 modifications (LOCKs). However, the function of LOCKs remains unclear. Interestingly, LOCKs are dynamically regulated during development, and the size of LOCKs varies in different types of cells during differentiation, suggesting that LOCKs might be regulated by not only histone methyltransferases but also demethylases. It is possible that the G9a complex plays a key role for LOCKs formation. However, LOCKs do not exist in cancer cells ([@bib35]). Future analysis of the G9a complex during tissue development and differentiation may reveal the mechanism and function of LOCKs. It is possible that, besides ZNF644 and WIZ, other functional partners of G9a regulate LOCKs.

Nevertheless, in this study, we have demonstrated that ZNF644 and WIZ are two major functional partners of G9a and GLP. ZNF644 and WIZ target the G9a/GLP complex to genomic loci for H3K9 methylation and transcription repression.

Materials and methods {#s4}
=====================

Plasmids, antibodies, and siRNAs {#s4-1}
--------------------------------

Full-length cDNA of G9a, GLP, and WIZ was cloned into pS-FLAG-SBP (SFB) vector, respectively, the full-length cDNA of ZNF644, G9a, and GLP was cloned into pCMV-Myc vector, and the full-length cDNA of WIZ was also cloned into pCMV-HA vector. For protein co-immunoprecipitation experiments, G9a deletion mutants, WIZ deletion mutants, and GLP deletion mutants were cloned into SFB vector, respectively. ZNF644 deletion mutants were cloned into the pCMV-Myc vector.

Primary antibodies used in this study include: mouse anti-G9a monoclonal antibody (Abcam, Cambridge, UK), mouse anti-HA and anti-Myc monoclonal antibodies (Covance, Princeton, NJ), rabbit anti-H3K9me2 polyclonal antibody (Upstate, Billerica, MA), rabbit anti-human ZNF644 antibody (raised against N-terminus a.a. 50--602), rabbit anti-human WIZ antibody (raised against N-terminus a.a. 220--750).

The siRNAs targeting G9a, GLP, ZNF644, and WIZ were ordered from Dharmacon (Lafayette, CO).

Protein purification {#s4-2}
--------------------

Purification of SFB triple-tagged protein was described previously ([@bib37]). To search for binding partners of G9a or ZNF644, we harvested 50 10 cm^2^ plates of 293T cells stably expressing SFB-G9a or ZNF644 and washed cells with PBS. Cells were lysed with 30 ml ice-cold NETN300 buffer (0.5% NP-40, 50 mM Tris--HCl pH 8.0, 2 mM EDTA, and 300 mM NaCl). The soluble fraction was incubated with 0.5 ml streptavidin-conjugated agarose beads. The beads were washed with NETN buffer three times. Associated proteins were eluted with 2 mM biotin in PBS and further incubated with 50-ml S beads (Novagen, Billerica, MA).The bound proteins were eluted with SDS sample and analyzed with 10% SDS-PAGE and mass spectrometry.

Cell lysis, immunoprecipitation, streptavidin beads pull-down, and Western blotting {#s4-3}
-----------------------------------------------------------------------------------

For immunoprecipitation assays, 293T cells or U2OS cells were lysed with ice-cold NETN400 buffer (0.5% NP-40, 50 mM Tris--HCl pH 8.0, 2 mM EDTA, and 400 mM NaCl) containing 10 mM NaF and 50 mM β-glycerophosphate. The soluble fractions were collected and diluted to 100 mM NaCl, then directly subjected to electrophoresis or immunoprecipitation with indicated antibodies followed by Western blotting analysis with indicated antibodies. For the SFB-tagged protein, streptavidin beads were used to perform the pull-down assay followed by Western blotting analysis.

Chromatin immunoprecipitation assay {#s4-4}
-----------------------------------

Chromatin immunoprecipitation assays (ChIP) were performed according to the protocol described by Upstate (Billerica, MA). The genomic DNA isolated from 293T cells was sonicated to an average size between 300 and 600 bp. Solubilized chromatin was immunoprecipitated with the antibody against WIZ, G9a, or ZNF644. Antibody--chromatin complexes were pulled-down using protein A-sepharose, washed, and then eluted. After cross-link reversal and proteinase K treatment, immunoprecipitated DNA was extracted with phenol-chloroform, ethanol precipitated, treated with RNase, and dissolved with TE buffer. ChIP DNA was qualified using PicoGreen.

ChIP sequencing {#s4-5}
---------------

DNA fragments isolated from ChIP were repaired to blunt ends by T4 DNA polymerase and phosphorylated with T4 polynucleotide kinase using the END-IT kit (Epicentre, Madison, WI). A single 'A' base was added to 3′ end with Klenow. Double-stranded adaptors (75 bp with a 'T' overhang) were ligated to the fragments with DNA ligase. Ligation products between 200 and 600 bp were gel purified to remove unligated adaptors and subjected to 20 PCR cycles. Completed libraries were quantified with PicoGreen. The DNA libraries were analyzed by Solexa/Illumina high-throughput sequencing. The read quality of each sample was determined by FastQC software. After prefiltering the raw data by removing sequence adaptors and low quality reads, the tags were mapped to the human genome (hg19) by Bowtie software. Parameters settings were listed as follows: -v, 3 (reported alignments with at most 3 mismatches), -5, 3 and -3, 7 (trim 3 bases from 5′ end and 7 from 3′ end to remove low-quality bases). Peak detection was performed using MACS software from Galaxy browser (<http://galaxyproject.org/>). Parameters settings were as follows: IgG ChIP-seq aligned reads were used as control file, tag size with 25 bp, band width with 300 bp. When comparing peaks from different samples, peaks were considered to be overlapping if they were within 2 kb of each other. The peaks obtained from ChIP-seq were matched to the annotated reference genome (human hg19) using Cisgenome 2.0. To view the peak density and position, Cisgenome 2.0 was used. To obtain the binding motif of ZNF644 and WIZ, the online software Peak-motifs <http://floresta.eead.csic.es/rsat/peak-motifs_form.cgi>) was used. A set of 30 PCR primer pairs ([Supplementary file 1](#SD1-data){ref-type="supplementary-material"}) were designed to amplify ∼200 bp fragments from genomic regions showing a wide range of signals for G9a, ZNF644, and WIZ. ChIP-qPCR values reflect two independent ChIP assays, and each was evaluated in duplicate by qPCR.

To examine the genome distribution of G9a, ZNF644, and WIZ, the whole genome was partitioned into three regions: intragenic region, promoter region (5 kb upstream or downstream of the TSS), and distal intergenic region that does not encode any genes. Genes not uniquely mapped to the genome were excluded. To avoid redundancy, only the longest transcript variant of each gene was used to define chromosomal locations of the intragenic region, promoter region, and intergenic region.

The read counts around the center of G9a-enriched peaks in promoter region were analyzed by SEQMINER software ([@bib36]). The center of G9a-enriched peaks in promoter region was used as the reference. Tag densities from each ChIP-seq were collected within a window of 4 kb around reference coordinates. The tag density of each ChIP-seq in a 200 bp window was calculated and plotted against distance from the center.

For [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}, genes were profiled 5 kb upstream of the transcriptional start site (TSS), through the gene body and 5 kb downstream of the transcriptional end site (TES). 5 kb upstream of the TSS and 5 kb downstream from the TES were divided into windows of 200 bp, and read counts were calculated in each window. For gene body plots, each gene was segmented into 300 non overlapping windows. Plots were made using a 1 kb moving average. Values are tag-normalized and reflect the number of tags observed in each window.

ChIP-seq data have been deposited in the Gene Expression Omnibus under accession number GSE62616.

Recombinant proteins {#s4-6}
--------------------

Recombinant proteins were purified from Sf9 insect cells. For generating baculovirus, DNA fragments containing full-length human ZNF644, N-terminus of ZNF644 (a.a. 1--300) (ZNF644N300), full-length human WIZ, and N-terminus of WIZ (a.a. 1--200) (WIZN200) were subcloned into pFastBac Vector with a GST tag. Baculoviruses were generated in accordance with the manufacturer\'s instructions (Invitrogen, Carlsbad, CA). After Sf9 cells were infected with baculoviruses for 48 hr, the cells were harvested, washed with cold PBS three times and lysed with ice-cold NETN100 buffer (20 mM Tris--HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40). The soluble fraction was incubated with Glutathione--Sepharose beads and eluted with Glutathione.

Electrophoretic mobility shift assay (EMSA) {#s4-7}
-------------------------------------------

Oligonucleotide substrates were obtained from IDT (IDT, Coralville, IA) and were purified by polyacrylamide gel electrophoresis (PAGE). The following oligonucleotides containing ZNF644 binding motif and WIZ binding motif were used, 5′- GAGTAAGATCATGCCACTG***GGAATCATCGAA***CACAGAGTGAGGCTGGG -3′ (ZNF644 'WT' DNA target);

5′- GAGTCTCACTCACGCGC***CATTCCATTCCATT***CAGATACTAGTACGGTCAG -3′ (WIZ 'WT DNA target'). The oligonucleotides containing ZNF644 binding motif mutation and WIZ binding motif mutation were used as control, 5′- GAGTAAGATCATGCCACTG***GCATTGTTGACT***CACAGAGTGAGGCTGGG -3′ (ZNF644 'mutant' DNA target);

5′- GAGTCTCACTCACGCGC***TGCAATCAGGAA***CAGATACTAGTACGGTCAG -3′ (WIZ 'mutant' DNA target). 48-mer oligonucleotides were annealed at 1:1 molar ratio to its complementary oligonucleotides to generate the dsDNA and then radio-labeled with ^32^P at the 5′-end. GST-ZNF644, GST-ZNF644N300, GST-WIZ, or GST-WIZN200 was incubated with 0.2 nM (molecules) radio-labeled DNA substrates for 2 hr at 4°C in buffer D (20 mM HEPES-KOH (pH 7.9), 20% glycerol (vol/vol), 0.2 mM EDTA, 0.1 M KCl, 0.5 mM PSMF, 1 mM DTT) with 1.25 μg/μl Bovine serum albumin, 1 mM DTT, 5 mM MgCl~2~. The samples were resolved by electrophoresis on a 7.5% polyacrylamide gel in TBE buffer for 70 min at 60 V. The gel was then dried and exposed to autoradiography film overnight.

Statistical analysis {#s4-8}
--------------------

In all cases, multiple independent experiments were performed on different days to verify the reproducibility of experimental findings. Two-way comparison was performed using the *t*-test, and ANOVA was used for more than two groups. For all analyses, a p value of less than 0.05 was considered significant. Results are given as means ± s.d.
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Major dataset {#s6-1}
-------------

The following dataset was generated:

BianC, YuX, 2014,G9a, ZNF644 and WIZ ChIP-seq results,<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62616>,Publicly available at NCBI Gene Expression Omnibus (GSE62616).
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your manuscript titled "ZNF644 and WIZ regulate the G9a/GLP complex for gene repression" for consideration for publication in *eLife*. Your manuscript was reviewed by three experts in the field and by a member of the Board of Reviewing Editors (BRE). After a full discussion of the study and the reviews, we are happy to report that the reviewers and the BRE member found the study of interest to the journal and therefore, we will be pleased to consider a revised manuscript addressing the following issues:

1\) Provide statistical analyses and significance for the quantitative PCR studies and for the data on changes in gene expression when the G9a-GLP complex components are depleted.

2\) Provide comprehensive genome-wide analysis including metagene, whole gene distributions, and average promoter analysis for the observations made in the manuscript.

3\) Provide experimental evidence for direct interactions of ZNF644 and WIZ to the DNA sequence studied in the manuscript.

4\) Provide a deeper discussion between the current analysis and the previous studies in terms of domains of interaction between WIZ and G9a-GLP. Also clarification on the difference between Feinberg\'s studies on the requirement of megabase size domains of histone H3K9me2 Vs the current study on the role of promoters in this process.

5\) The manuscript needs to be read carefully for grammar and clarity.

Further details can be found in the comments below.

Reviewer \#1

Significance: It was previously known that WIZ associates with and stabilizes the G9a-GLP heterodimer, but this paper identifies a new binding partner ZNF644. Furthermore, in a major breakthrough the paper demonstrates that WIZ and ZNF644 bind directly to specific DNA sequences and thereby target G9a to specific chromosomal locations. Previously, it was known that a few repressive DNA binding transcription factors can recruit G9a to specific chromosomal loci, but this paper describes a major new mechanism for targeting G9a and GLP to chromatin. The scientific quality of the data presented is generally quite good, but with a few exceptions noted below. There are significant English problems with the manuscript.

Major concerns: The quantitative PCR data for ChIP and for RNA expression throughout [Figures 4--6](#fig4 fig5 fig6){ref-type="fig"} (including the supplements) lack any statistical analysis. The meaning of the error bars is not indicated as well as whether they represent technical or biological replicates and how many. Reproducibility in multiple biological replicates is not discussed. In many cases in these figures the error bars suggest that the differences seen and described in the text may not be significant. In particular, the changes in target gene RNA levels caused by depleting components of the G9a-GLP complex are quite small and appear to be of questionable statistical significance.

Overall recommendation: This is an exciting paper because it reports a new mechanism for targeting of G9a-GLP to specific chromosomal locations. Statistical analyses need to be provided for the quantitative PCR data. Furthermore, the data on changes in gene expression when G9a-GLP complex components are depleted is weak and of questionable statistical significance. This data should either be improved (at least to statistical significance) or eliminated. While it would be nice to have an indication that G9a-GLP is having an effect on gene expression at the sites where they are recruited, the novel targeting mechanism would still, in my opinion, be important enough to merit publication. English needs to be improved throughout the manuscript.

Reviewer \#2

G9a-GLP is important for assembly of H3K9 dimethylated facultative heterochromatin. A major question is how does the complex localize to its sites of action? This is a key question in the field of chromatin biology. The authors show that the zinc finger TFs WIZ and ZN644 associate with G9a-GLP in vivo. They map interacting domains by co-IP with deletion mutants and present genome wide ChIP data on co-localization of the complex and locus-specific ChIP in various RNAi mutants. The interaction with WIZ was previously shown so the novelty here is the association with ZN644, the identification of binding motifs and validation of co-localization genome wide. These are important findings of broad interest in the field.

The major drawbacks are the lack of a comprehensive genome wide analysis (i.e., metagene, whole gene distributions, average promoter analysis and so on). Additionally, while the authors show strong evidence for targeting of G9a-GLP by WIZ and ZNF644, this is not linked globally with H3K9 dimethylation. There is an overemphasis on locus-specific ChIP studies that lacked measures of statistical significance. Moreover, the paper lacked a deeper discussion of and comparison with other discoveries in the field. For example, there is some disagreement between the authors\' analysis and previous studies in terms of domains of interaction between WIZ and G9a-GLP. Additionally, Feinberg showed megabase size domains of histone H3K9me2, while the authors\' studies focus on the promoters. Is WIZ-ZNF644-G9a-GLP binding inside as well as at gene promoters? Finally, there are a huge number of disappointing grammatical issues.

In general, I felt that the paper was a bit underdeveloped throughout but has the potential to make a significant contribution.

Reviewer \#3

The manuscript from Bian and colleagues describes the interaction of G9A/GLP heterodimeric methyltransferase complex with two zinc finger containing proteins, Wiz and ZNF644. G9A/GLP activity results in heterochromatin formation and gene silencing. Affinity purification of G9A and ZNF644 was used to determine that G9A/GLP, Wiz and ZNF644 form a core complex. Wiz was shown previously to associate with G9A/GLP and alter its stability (Udea et al.); however, ZNF644 is a new component identified by this manuscript. Using immunoprecipitations of deletion mutants the authors determine that the TAD Domain of GLP and G9A interact selectively with WIZ and ZNF644, respectively. The authors go on to identify the genomic location of WIZ and ZNF644 and that the sites occupied by these proteins accounts for the majority of G9A occupied sites in the genome. Recruitment of G9A and the downstream readers of H3K9 methylation are effected by suppressing WIZ expression. Overall, the data make a compelling case for an important role of WIZ and ZNF644 in recruiting G9A/GLP to their genomic locations. To fully support the proposed role of these proteins in recognition of select genes through a defined DNA sequence, the following points should be addressed:

1\) This implication of the requirement of ZNF644 or WIZ for GLP/G9A recruitment is that the zinc-finger domains of these proteins mediate sequence specific DNA interactions. Although the authors identify motifs within genes that are bound by the GLP/G9A/WIZ/ZNF644 complex, the ability of ZNF644 and WIZ to directly bind these DNA sequences is not addressed. The authors should determine if WIZ or ZNF644 selectively and directly recognize the motifs identified in [Figure 4](#fig4){ref-type="fig"} by gel shift or similar assay.

2\) The authors identify deletion mutants in ZNF644 and WIZ that fail to bind GLP and G9A. They go on to use these mutants in [Figure 3 and 6](#fig3 fig6){ref-type="fig"} to suggest eliminating the ability of GLP or G9A to bind the zinc finger proteins results in an inability of the methyltransferases to stably associate with DNA and suppress transcription. However, for the data in [Figures 3 and 6](#fig3 fig6){ref-type="fig"} to fully support the author\'s hypothesis the D1 and D8 mutants must be shown to stably interact with the DNA: 1) by selective extraction ([Figure 3A](#fig3){ref-type="fig"}) and 2) by ChIP. The trivial explanation for the existing data is that these mutants themselves fail to be recruited to DNA.
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Author response

*After a full discussion of the study and the reviews, we are happy to report that the reviewers and the BRE member found the study of interest to the journal and therefore, we will be pleased to consider a revised manuscript addressing the following issues*:

*1) Provide statistical analyses and significance for the quantitative PCR studies and for the data on changes in gene expression when the G9a-GLP complex components are depleted*.

Thank you for your suggestion. We have performed the statistical analyses for the quantitative PCR studies and for the data on changes in gene expression, including [Figure 4--figure supplement 3](#fig4s3){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}, [Figure 5--figure supplement 1--3](#fig5s1 fig5s2 fig5s3){ref-type="fig"} and [Figure 6](#fig6){ref-type="fig"}. Two-way comparison was performed using the t-test, and ANOVA was used for more than two groups. For all analyses, a *P*-value with less than 0.05 was considered as statistically significant difference. Results are given as means ± s.d. The description of statistical analysis was also included in the revised Materials and methods.

*2) Provide comprehensive genome-wide analysis including metagene, whole gene distributions, and average promoter analysis for the observations made in the manuscript*.

As suggested by the reviewers, we re-analyzed the ChIP-seq data. The whole genome was partitioned into three regions: intragenic region, promoter region (5kb upstream or downstream of the TSS), and distal intergenic region that does not encode any gene. As shown in revised [Figure 4](#fig4){ref-type="fig"}, a total of 14153 genomic regions are enriched with G9a. Around 40 % of peaks are in promoter region, 16 % are in intergenic region, and 44 % are in intragenic region (revised [Figure 4A](#fig4){ref-type="fig"}). We found around 63 % of G9a peaks were occupied by ZNF644 and/or WIZ (Revised [Figure 4B](#fig4){ref-type="fig"}), which is consistent with our biochemistry analyses of the G9a complex. By analyzing the genome-wide distribution of the co-localized regions, we found that around 82 % of G9a-enriched peaks in promoter region were bound by ZNF644 and/or WIZ (revised [Figure 4C](#fig4){ref-type="fig"}). Further analyses across G9a peaks in promoter regions show that ZNF644 and WIZ profiles are associated with the G9a profiles in promoter region (revised [Figure 4D](#fig4){ref-type="fig"}). These results were further validated by individual gene analyses (revised [Figure 4](#fig4){ref-type="fig"} E--G). Since both ZNF644 and WIZ are DNA-binding proteins, it suggests that ZNF644 and WIZ may target G9a to promoter regions. The revised text on the comprehensive genome-wide analyses in the [Figure 4](#fig4){ref-type="fig"} was included (subsection headed "WIZ and ZNF644 associate with G9a at specific genomic loci").

*3) Provide experimental evidence for direct interactions of ZNF644 and WIZ to the DNA sequence studied in the manuscript*.

Following the suggestions of the reviewers, we performed electrophoretic mobility shift assays and examined the interaction between the recombinant ZNF644 or WIZ proteins and oligonucleotides with consensus sequences. Oligos with non-consensus sequence were served as negative control. We also used GST proteins without zinc finger motifs as the pull-down control. ZNF644 and WIZ clearly bind to the specific DNA motif in vitro ([Figure 4--figure supplement 4](#fig4s4){ref-type="fig"}). The results were also included in the revised text ("both ZNF644 and WIZ-binding sequences... with full-length recombinant proteins").

*4) Provide a deeper discussion between the current analysis and the previous studies in terms of domains of interaction between WIZ and G9a-GLP. Also clarification on the difference between Feinberg\'s studies on the requirement of megabase size domains of histone H3K9me2 Vs the current study on the role of promoters in this process*.

Thank you for the suggestion. In the previous study ([@bib34]), WIZ was found to interact with the catalytic domain of G9a. We obtained the similar result ([Figure 2C](#fig2){ref-type="fig"}). However, the catalytic domain of G9a also interacts with the catalytic domain of GLP to form a heterodimer. Moreover, lacking G9a did not impair the interaction between WIZ and GLP ([Figure 2--figure supplement 1B](#fig2s1){ref-type="fig"}), suggesting that the interaction between WIZ and G9a might be indirect and mediated by the catalytic domain heterodimer of G9a and GLP. As suggested, we have included this part into the Discussion section. Future structure analysis will provide the details for the interactions in the G9 complex.

It has been shown that G9a regulates gene transcription via catalyzing H3K9me2 at promoter regions ([@bib7]; [@bib28]; [@bib12]; [@bib2]; [@bib16]). Consistently, we found that G9a associated with ZNF644 and WIZ, especially in the promoter regions, to regulate transcription (revised [Figure 4C](#fig4){ref-type="fig"}). Wen et al. examined H3K9me2-enriched loci in the differentiated tissues and found that large chromatin regions associate with H3K9me2 ([@bib35]). These regions were named as large organized chromatin K9 modifications (LOCKs). Interestingly, LOCKs are dynamically regulated during development, and the size of LOCKs varies in different types of cells during tissue development and differentiation, suggesting that LOCKs might be regulated by not only histone methyltransferases but also demethylases. It is unclear whether LOCKs are exclusively dependent on the G9a complex ([@bib35]). And the function of LOCKs is unclear. Moreover, LOCKs do not exist in human tumor cell lines ([@bib35]). Nevertheless, LOCKs might be very important chromatin modifications. And we have discussed the possible link between LOCKs and the G9 complex (in the beginning of the Discussion section). It is possible that the G9a complex dynamically regulates LOCKs. However, due to current research setting using 293T cells (human tumor cells), we could not analyze LOCKs in our system. It is possible that both WIZ and ZNF644 regulate LOCKs during development. But we could not rule out other possibilities such as demethylases or other functional partners of G9 specifically expressed during development.

*5) The manuscript needs to be read carefully for grammar and clarity*.

Thank you for the reminder, the revised manuscript has been proofread by a native English speaker in our institution.

[^1]: These authors contributed equally to this work.
